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What are the causes of 
water cycle variations?
Are variations in the global 
and regional water cycle predictable?
How are water and 
nutrient cycles linked?
NEWS Integrated Water and Energy Cycle Research Challenge:
Document and enable improved, observationally-based, predictions of water and energy 
cycle co sequences of Earth system variability and change.
The NEWS challenge is global in scale and requires the integration of NASA system components to make 
decisive progress toward the NEWS challenge in an end-to-end program
https://ntrs.nasa.gov/search.jsp?R=20160003531 2019-08-31T03:39:52+00:00Z
Substan(al	  Dispari(es	  Exist	  in	  	  
Global	  Ocean	  Evapora(on	  Es(mates	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AGCMs	  w/	  Speciﬁed	  SSTs	  (AMIPs)	  GEOS-­‐5,	  ERA-­‐20CM	  Ensembles	  
	  Incorporate	  best	  historical	  es7mates	  of	  SST,	  sea	  ice,	  radia7ve	  forcing	  
	  Atmospheric	  ”weather	  noise”	  is	  inconsistent	  with	  speciﬁed	  SST	  so	  sfc	  ﬂuxes	  can	  be	  
	  wrong	  sign	  (e.g.	  Indian	  Ocean	  Monsoon,	  high	  la7tude	  oceans).	  	  Averaging	  over	  
	  ensemble	  members	  helps	  isolate	  SST-­‐forced	  signal.	  
Reduced	  Observa(onal	  Reanalyses:	  NOAA	  20CR	  V2C,	  ERA-­‐20C	  
	  Incorporate	  observed	  Sfc	  Press	  (20CR)	  and	  Marine	  Winds	  (ERA-­‐20C)	  to	  recover	  much	  
	  of	  the	  evapora7on	  	  induced	  by	  true	  synop7c	  or	  weather	  “noise”	  
Comprehensive	  Reanalyses	  (MERRA-­‐2)	  
	  Full	  suite	  of	  observa7onal	  constraints-­‐	  both	  conven7onal	  and	  remote	  sensing.	  	  
	  But…	  substan7al	  uncertan7es	  owing	  to	  evolving	  satellite	  observing	  system.	  
Mul(-­‐source	  Sta(s(cally	  Blended	  OAFlux,	  LargeYeager	  
	  Blend	  reanalysis,	  satellite,	  and	  ocean	  buoy	  informa7on.	  	  While	  climatological	  	  biases	  
	  are	  removed,	  non-­‐physical	  trends	  or	  varia7ons	  in	  components	  remain.	  
	  
Satellite	  Retrievals	  GSSTF3,	  SeaFlux,	  HOAPS3…	  
	  Global	  coverage.	  	  Retrieved	  near	  sfc	  wind	  speed,	  &	  humidity	  used	  with	  SST	  to	  	  drive	  
	  accurate	  bulk	  aerodynamic	  ﬂux	  es7mates.	  	  Satellite	  inter-­‐calibra7on,	  spacecrad	  
	  poin7ng	  varia7ons	  crucial.	  	  Short	  record	  (1987-­‐present).	  
	  In	  situ	  Measurements	  ICOADS,	  IVAD,	  Res	  Cruises	  
	  VOS	  and	  buoys	  oﬀer	  direct	  measurements.	  	  Sparse	  data	  coverage	  (esp	  south	  of	  
	  30S.	  	  Changes	  in	  measurement	  techniques	  (e.g.	  shipboard	  anemometer	  height).	  
A	  Hierarchy	  of	  Global	  Ocean	  LHF	  Es7mates	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Ques(ons	  we’ll	  address	  
	  
 Given	  the	  uncoupled	  framework	  of	  “AMIP”	  experiments,	  
what	  can	  they	  tell	  us	  regarding	  evapora7on	  variability?	  
 Do	  Reduced	  Observa7ons	  Reanalyses	  (RedObs)	  using	  sfc	  
pressure	  (and	  wind)	  provide	  a	  more	  realis7c	  picture	  of	  
evapora7on	  variability?	  
	  
 What	  signals	  of	  interannual	  variability	  (e.g.	  ENSO)	  and	  
decadal	  variability	  (IPO)	  are	  detectable	  with	  this	  hierarchy	  
of	  evapora7on	  es7mates?	  
Local	  Correla(on	  (SST,	  Evap)	  
GSSTF3	  
ERA-­‐20C	  
MERRA-­‐2	  
NOAA-­‐20CR	  
ERA-­‐20CM	  
GEOS-­‐5	  AMIP	  
AMIP	  	  7ghtly	  couples	  
evap	  to	  SST	  forcing	  
SST	  variability	  forcing	  
of	  evap	  is	  limited	  to	  key	  
regions	  
Local	  Correla(on	  (SSTt,	  Evap)	  
NOAA-­‐20CR	  
GEOS-­‐5	  AMIP	  
ERA-­‐20CM	  ERA-­‐20C	  
MERRA-­‐2	  
GSSTF3	  
Strongest	  evap	  forcing	  
of	  SST	  resides	  in	  	  
extra-­‐tropical	  eastern	  
ocean	  basins	  
Correct	  extra-­‐tropical	  
SST	  forcing	  by	  evap	  is	  
missing	  in	  AMIPs	  
What’s	  the	  Interpreta(on?	  
	  
As	  with	  previous	  studies	  (e.g.	  Barsugli	  &	  Bajs7,1999;	  Wu	  et	  
al,	  2006;	  Chen	  et	  al,	  2013;	  2014)	  specifying	  AGCM	  boundary	  
forcing	  (i.e.	  SST)	  yields	  evapora7on	  (“atmospheric	  noise”)	  
inconsistent	  with	  the	  SST	  forcing.	  
	  
-­‐  Atmospheric	  “weather	  noise”	  diﬀers	  determinis)cally	  from	  that	  which	  
originally	  helped	  force	  the	  observed	  SSTs	  (even	  though	  it	  is	  
stochas)cally	  similar).	  
-­‐  The	  problem	  is	  most	  pronounced	  at	  mid-­‐	  to	  high	  la7tudes	  and	  in	  
associa7on	  with	  the	  Monsoon	  regions.	  
	  
By	  ensemble	  averaging	  (Chen	  et	  al;	  2013;	  2014)	  we	  expect	  
that	  evapora)on	  associated	  with	  internal	  atmospheric	  
variability	  is	  greatly	  reduced,	  leaving	  the	  SST	  forced	  signal.	  
As	  in	  Richter	  and	  Xie	  (2008),	  Lorenz	  et	  al	  (2010)	  we	  ﬁrst	  write	  the	  bulk	  
formula	  for	  evapora7on	  as	  a	  func7on	  of	  SST,	  Rela7ve	  Humidity,	  Wind	  Speed,	  
and	  Stability:	  
	  
	   	   	   	   	   	   	   	   	   	   	   	   	  	  
	  
where	  we	  use	  the	  analy7cal	  expression	  for	  satura7on	  speciﬁc	  humidity	   	  
	   	   	   	   	   	   	   	   	   	   	  	  
	  	  	  	   	   	   	   	  	  	  	  	  	  	  	  ,	   	   	   	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  ,	  	  
	  
and	  qo,	  a,	  b,	  c	  are	  constants.	  
	  
Evapora7on	  anomalies,	  δΕ,	  are	  expressed	  as	  	  	  
	  
	  
	  
where	  he	  par7al	  deriva7ves	  are	  “sensi7vi7es”	  built	  from	  monthly	  resolved	  
climatology	  and	  δ(  ) denotes	  a	  monthly	  anomaly.	  	  
E = CEρaUqo qs (SST )− RH ⋅qs (SST + S)[ ]
qs (SST ) = qoeβ (SST )β = e(a−b/SST −c ln(SST ))
δE = ∂E
∂SST δSST +
∂E
∂U δU +
∂E
∂RH δRH +
∂E
∂S δS +
∂E
∂CE
δCE + res
A	  Taylor	  Series	  Expansion	  of	  Bulk	  Aerodynamic	  
Evapora(on	  Around	  Monthly	  Climatology	  
S = Tair − SST
near-sfc qa 
Evap	   SST	   RH	  +	  Stab	  	  +	  Ex	  Coeﬀ	   Wind	   Residual	  
GEOS5	   0.88	   5.67	   -­‐4.91	   -­‐0.09	   0.22	  
ERA-­‐20CM	   1.17	   5.59	   -­‐3.59	   -­‐0.50	   -­‐0.34	  
Evapora(on	  Change	  Mechanisms	  (AMIP	  Ensembles)	  
Ocean	  60	  N/S	  7me	  series	  (mm/d) 	  	   	  12	  mon	  smoothing	  
• Actual	  evapora7on	  trend	  lies	  substan7ally	  below	  C-­‐C	  Rate	  due	  to	  
oﬀsejng	  contribu7ons	  of	  increased	  RH,	  Stability	  and	  Exch	  Coeﬀ.	  
• Wind-­‐related	  trends	  are	  small	  (but	  interannual	  signals	  are	  large).	  
20th	  Century	  Trends	  (%	  Climo	  Evap	  /	  Deg	  Global	  SST	  Change)	  
Evap	   SST	   RH	  +	  Stab	  	   Wind	   Residual	  
NOAA	  20CR	   0.97	   5.67	   -­‐4.75	   0.24	   -­‐.19	  
ERA-­‐20C	   4.95	   5.50	   -­‐5.56	   7.71	   -­‐2.70	  
Evapora(on	  Change	  Mechanisms	  (Reduced	  Obs	  Assimila(on)	  
Ocean	  60	  N/S	  7me	  series	  (mm/d) 	   	  12	  mon	  smoothing	  
• Both	  NOAA	  20CR	  and	  ERA-­‐20C	  have	  more	  decadal	  variability	  than	  AMIPs	  
• ERA-­‐20C	  wind	  trend	  drives	  20th	  Century	  evapora7on	  trend	  rivaling	  C-­‐C	  rate.	  	  
20th	  Century	  Trends	  (%	  Climo	  Evap	  /	  Deg	  Global	  SST	  Change)	  
Microwave	  Ocean	  Surface	  Data	  Availability	  
and	  its	  Eﬀects	  on	  MERRA-­‐2	  
	   	   	  Note	  that	  global	  ocean	  evapora)on	  changes	  are	  far	  
larger	  than	  the	  C-­‐C	  rate	  (red	  line)	  	  
	  
	  
F08	  has	  major	  impact	  on	  
GEOS5	  wind	  speed	  bias	  	  
Loss	   of	   SSMI	   suite	  
but,	   scarerometer	  
winds	   from	   ERS-­‐2	  
through	   2011	   and	  
ASCAT	  on	  METOP-­‐A	  
con7nue	   to	   be	  
assimilated.	  	  
As	  SSMI	  contributes	  to	  near-­‐sfc	  drying	  
the	  RH	  decreases	  act	  to	  
	  increase	  evapora7on.	  
•  Assimila7ng	  near-­‐sfc	  weather	  (Ps	  and/or	  wind	  speed)	  is	  a	  
step	  toward	  recovery	  of	  evapora7on	  (and	  other	  ﬂuxes)	  
driven	  by	  atmospheric	  state	  alone	  missed	  by	  AMIPs.	  
	  	  
•  But…	  the	  inhomogeneity	  of	  data	  availability	  and	  its	  
quality	  can	  induce	  signiﬁcant	  uncertain7es.	  
	  
	  
Can	  we	  discern	  physical	  signals	  e.g.	  ENSO,	  PDO/IPO?	  
	  
ENSO:	  hi-­‐pass	  (<7y)	  1950/2010	  data	  &	  composite	  by	  lags	   	  
	  	  	  	  	  	  	  rela7ve	  to	  Equatorial	  Paciﬁc	  SST	  max	  
	  
	  	  	  IPO:	  Epoch	  diﬀerence	  (1999/2009	  minus	  1990/1999)	   	  	  
	  	  	  	  	  	  	  ﬁelds.	  	  Period	  covers	  transi7on	  from	  warm	  to	  cold	  	  	  
	   	  IPO	  phase	  (~	  ”hiatus”)	  
Reduced	  Observa(on	  Assimila(on	  
ERA-­‐20C	  Composite	  
El	  Niño	  Evapora(on	  Anomalies	  	  (shaded,	  mm/d)	  
	  
	  
	  	  	  	  	  	  qs-­‐qa	  contrib	  (contour	  int	  0.2	  mm/d)	  	  	  	  	  	  	  	  	  	  	  	  wind	  speed	  contrib	  (contour	  int	  0.2	  mm/d)	  
EVAP	  Contribu(ons:	  WSPD,	  QS-­‐QA	  	  
1.0σ	  event	  composites	  1950/2010	  
	  Global	  Ocean	  (60	  N/S)	  	  
	  
Lag	  (months)	  Rela7ve	  to	  El	  Niño	  Peak	  
(m
m
/d
ay
)	  
Global	  SST	  Anom	  
Does	  the	  Inter-­‐decadal	  Paciﬁc	  Oscilla(on	  	  	  	  	  	  
Have	  a	  Robust	  Signal?	  
Time	  series	  of	  IPO	  (Henley	  et	  al	  2015)	  	  
ERA-­‐20C	  SST	  (oC)	  1999/2009	  minus	  1990/1999	  
IPO	  Change	  
Coincident	  with	  
“Hiatus”	  
Inter-­‐decadal	  Paciﬁc	  Oscilla(on	  In	  ERA-­‐20C	  
• Consistent	  parern	  of	  evapora7on	  changes	  (shaded)	  relate	  to	  SST	  gradient	  
parerns	  and	  altered	  low-­‐level	  circula7on.	  
• Twin	  an7cyclonic	  high	  pressure	  anomalies	  (green	  contours)	  develop	  in	  the	  
eastern	  extra-­‐tropical	  Paciﬁc	  resul7ng	  from	  westward	  diaba7c	  hea7ng	  shid.	  
• Oﬀ-­‐equatorial	  wind	  speeds	  Eq	  to	  20	  N/S	  (black	  contours)	  consistent	  with	  
surface	  pressure	  gradient	  changes	  enhance	  evapora7on.	  	  
1999/2009	  minus	  1990	  /1999	  	  	  Transi6on	  to	  IPO	  cold	  phase	  	  
	  	  Summary	  Points:	  
 Consistent	  with	  coupled	  model	  results	  (e.g.	  Richter	  and	  Xie,
2008;	  Lorenz	  et	  al,	  2010),	  process	  related	  diagnos7cs	  indicate	  
AMIP	  experiments	  show	  thermodynamic	  damping	  by	  RH	  and	  
stability	  act	  to	  keep	  evapora7on	  trends	  below	  C-­‐C	  rate.	  
 Reduced	  Observa7ons	  Reanalyses	  (RedObs)	  assimila7ng	  
surface	  pressure	  (and	  wind)	  can	  provide	  a	  more	  consistent	  
picture	  of	  evapora7on	  variability.	  	  Some	  issues:	  wind	  speed	  
shid	  @1940;	  dearth	  of	  So.	  Hem.	  observa7ons.	  	  
  El	  Nino-­‐related	  IA	  evap	  varia7ons	  are	  large	  regionally.	  
Equatorial	  wind	  speed	  decreases	  lead	  qs-­‐qa	  maximum	  	  evap	  
max	  tends	  to	  lag	  Eq	  SST	  max	  	  coherent	  global	  signals.	  	  
	  	  	  Challenges:	  
	  
 Data	  scrubbing	  /	  refurbishment	  a	  con7nuing	  need.	  	  Cross-­‐
comparisons	  among	  “hierarchy”	  products	  with	  varied	  data	  
input	  are	  useful	  in	  ferre7ng	  out	  uncertain7es.	  
 Signiﬁcant	  changes	  in	  data	  availability	  in	  the	  Satellite	  Era	  
con7nue	  to	  challenge	  comprehensive	  reanalyses.	  	  More	  
aren7on	  to	  reanalysis	  model	  analysis	  increments	  is	  needed	  
to	  understand	  data	  /	  physics	  bias	  interplay.	  	  
 Future	  versions	  of	  satellite	  evapora7on	  retrievals	  will	  likely	  
have	  reduced	  trends	  due	  to	  berer	  sensor	  calibra7on	  eﬀects	  
on	  wind	  speeds.	  	  Qs-­‐qa	  biases	  need	  further	  study.	  	  Wx	  
“regime”	  approaches	  a	  way	  forward.	  	  
T h a n k s ! 
